The high climatic variability in the past hundred thousand years has affected the demographic and adaptive processes in many species, especially in boreal and temperate regions undergoing glacial cycles. This has also influenced the patterns of genome-wide nucleotide variation, but the details of these effects are largely unknown. Here we study the patterns of genome-wide variation to infer colonization history and patterns of selection of the perennial herb species Arabidopsis lyrata, in locally adapted populations from different parts of its distribution range (Germany, UK, Norway, Sweden, and USA) representing different environmental conditions. Using site frequency spectra based demographic modeling, we found strong reduction in the effective population size of the species in general within the past 100,000 years, with more pronounced effects in the colonizing populations. We further found that the northwestern European A. lyrata populations (UK and Scandinavian) are more closely related to each other than with the Central European populations, and coalescent based population split modeling suggests that western European and Scandinavian populations became isolated relatively recently after the glacial retreat. We also highlighted loci showing evidence for local selection associated with the Scandinavian colonization. The results presented here give new insights into postglacial Scandinavian colonization history and its genome-wide effects.
Introduction
Many species in temperate and boreal regions have experienced extensive variation in environmental conditions during the past few hundred thousand years, especially in glaciated regions (Abbott and Brochmann 2003) . In Northern Europe, all current communities were formed by colonization from nonglaciated refugia after the last glacial maximum $20,000 years ago. This relatively recent rapid range expansion has also required simultaneous rapid adaptation to the northern environment (Hewitt 1996 (Hewitt , 2000 . Patterns of population genetic variation can be used to study migration routes and adaptive processes associated with recent colonization history (Taberlet et al. 1998; Hamilton et al. 2015; Malaspinas et al. 2016) . During colonization, a new population is established from a source population and due to founder effect the sink population may lose a significant proportion of the original variation (i.e. will experience a decrease in the effective population size) during the colonization process (Hewitt 1996) . If the separated populations become isolated, genetic drift will drive the differentiation of the populations while gene flow will equalize the allele frequencies between populations (Sousa and Hey 2013) . On the other hand, selection associated with colonization may increase the frequency of an adaptive allele in the colonizing populations, resulting in increased differentiation at the adaptive loci (Lewontin and Krakauer 1973; Beaumont and Balding 2004) .
The range of Arabidopsis lyrata, a predominantly outcrossing perennial plant species widely distributed in boreal and temperate vegetation zones, has been much influenced by climatic fluctuations in the recent past, especially in Northern Europe (Hewitt 1999; Hoffmann 2005; Clauss and Koch 2006) . It is separated into two sub-species; ssp. petraea in Eurasia and ssp. lyrata in North America (O'Kane and Al-Shehbaz 1997; Shimizu et al. 2005; Shimizu-Inatsugi et al. 2009 ). It has spread from Central Europe (Clauss and Koch 2006; Ross-Ibarra et al. 2008; Ansell et al. 2010) to North America through Beringia during the mid-Pleistocene (Schmickl et al. 2010; Pyh€ aj€ arvi et al. 2012) and to Northern Europe possibly recently after the last glaciation, but the origin and demographic dynamics of the colonization remain unknown. Some studies have even suggested that the species existed in Northern Europe during the last glaciation (Falahati-Anbaran et al. 2014 ) but the evidence is still very limited. The colonization was accompanied by novel environmental selective pressures resulting in local adaptation (Leinonen et al. 2009 (Leinonen et al. , 2011 Vergeer and Kunin 2013) as well as differentiation in adaptive phenotypes such as flowering time, response to cold, drought tolerance and trichome production (Riihim€ aki and Savolainen 2004; Davey et al. 2009; Sletvold and Ågren 2012; Leinonen et al. 2013; Vergeer and Kunin 2013) . Further, evidence for recent selection in genes related to flowering time control and circadian rhythm in A. lyrata populations (Toivainen et al. 2014; Mattila et al. 2016; Novikova et al. 2016) suggests that natural selection has favored changes in the response to different seasonal day lengths at more northern latitudes.
Abundant evidence for local adaptation and the wide distribution makes A. lyrata an attractive model system for investigating genetic consequences of colonization, both neutral and adaptive changes (Savolainen and Kuittinen 2011) . Here we studied the demographic history of several A. lyrata populations and investigated the Scandinavian colonization history and concomitant selection using genome-wide population genetics approaches. Single population demographic analyses revealed a strong decrease in effective population size of the species in general worldwide. Further, the data suggests postglacial colonization of Scandinavia from a refugium distinct from the Central European refugium and we estimated that the Scandinavian and Scottish populations became isolated after the glacial maximum. Using population branch statistics, we detected loci showing evidence for selection associated with this colonization. An especially strong candidate region for recent selection was detected on chromosome 1 in the Swedish lineage. This study provides novel information on the demographic processes and the genome-wide effects during postglacial colonization and highlights important loci likely associated with concomitant local adaptation.
Results
We sequenced 24 individual whole-genomes from five A. lyrata populations (Spiterstulen, Norway; Stubbsand, Sweden; Plech, Germany; Mayodan, USA; fig. 1A and supplementary table S1, Supplementary Material online) (six individuals from each population) and additional two individuals from one population from Scotland (Storr) using Illumina HiSeq2000 2*100 paired-end chemistry. The following population abbreviations are used hereafter; Norway (SP), Sweden (STU), Scotland (STORR), Germany (PL), and USA (MA). Two individuals were excluded from the population genetics analyses after quality control (one SP and one STU). The median mapping depth ranged from 6 to 32 (supplementary table S2 , Supplementary Material online). Only sequences mapped to the eight main chromosomes were included in the population genetics analysis. The size of the analyzed region without (and with) ancestral inference was 68 Mb (50 Mb) for the European populations and 71 Mb (50 Mb) for the North American population with $1.1 million (0.6 million) variable sites within the Scottish and the Scandinavian populations, 2.1 million (1.2 million) within the Central European population and 0.5 million (0.2 million) within the North American population.
Characteristics of the within Population Variation and Population Structure
We first investigated the population structure using principal component analysis (PCA) which revealed clear population clustering. The first PC (explaining 23% of the variation) separated the lyrata and petraea subspecies and the second PC (explaining 16% of the variation) separated the Central European population from the group consisting of British Isles and Scandinavian populations. Finally, the third PC (explaining 7.7% of the variation) separated the Scandinavian and the British Isles populations and the fourth PC (explaining 5.6% of the variation) separates the British Isles individuals from all the others (fig. 1B) 
Single Population Demographic Histories
Overall skews in site frequency spectra (SFS) reflect differences in the demographic histories of the populations. We used folded SFS from 4-fold degenerate sites and the modelflexible Stairway plot (version 2.0 beta) method (Liu and Fu 2015) to investigate fluctuations in the effective population size through time of each population separately (excluding the British Isle population with only two individuals sampled). This analysis revealed a strong reduction in the effective population size of the species as a whole within the past 100,000 years ( fig. 2) . The largest effective population size estimates (95% bootstrap based C.I. in parenthesis) were 460,000 (280,000-680,000), 430,000 (230,000-760,000), Mattila et al. . doi:10.1093/molbev/msx193 MBE 620,000 (420,000-1,400,000), 170,000 (130,000-220,000) for SP, STU, PL and MA, respectively. Population size decreases continued after the last glaciation in the European populations with the most recent effective population size estimates $8,000 (1,400-30,000), 23,000 (1,600-51,000) and 64,000 (17,000-230,000) for the Norwegian SP, the Swedish STU and the German PL, while at the last glacial maximum ($20,000 years ago [YA] ) the estimated population sizes were $120,000 (40,000-320,000), 71,000 (26,000-250,000) and 240,000 (120,000-560,000), respectively. In contrast, we estimated that the North American population has been more stable in size since the last glaciation ( fig. 2) . For MA the current population size estimate was 35,000 (21,000-94,000) and at the last glacial maximum 31,000 (18,000-140,000) ( fig. 2) . The very limited amount of variation did not allow estimation very far back in time for the MA population. The oldest estimate was 850,000 years ago while for the other populations the oldest estimates were 2.3 and 3.7 Ma, for the Scandinavian populations and PL, respectively. We note that due to the recent population divergence, the basal estimates in the single population histories actually represent the shared history of the populations with differing degrees, depending on the split times of the populations.
Population Differentiation and Estimation of the Population Splits
To further study whether the Scandinavian colonization was from a Central or Western European refugium, we first studied pairwise F st between the European populations. The lowest median F st supported a closer relationship of Scandinavian to the Scottish population rather than to the Central European population but F st estimates varied widely across , we compared alternative phylogeographical models using the likelihood based demographic inference method (Excoffier et al. 2013) as implemented in fastsimcoal2, and the topology based ABBA-BABA method (Durand et al. 2011) . To ask whether Scandinavia was colonized from the Central European or Western European source, we tested the population trios SP, STORR, PL and STU, STORR, PL. We also examined whether there were multiple Scandinavian colonization events using a model containing SP, STU and STORR with the three branching possibilities. In the ABBA-BABA test, the MA population was used as an outgroup. Assuming limited gene flow between the current populations with mainly genetic drift determining the patterns of population divergence, the colonization source and number of possible colonization events (one or two) can be deduced from the best supported branching topologies. We further studied the population split times of the study populations with fastsimcoal2. The model and the search ranges for the parameters were selected based on the results in the previous section and on geological information (Davis et al. 2003) . Thus, in the simulations, we forced the split order to follow the branching topology estimated above.
We first estimated the Scandinavian colonization history from a model containing the Scandinavian and the Scottish populations (SP-STU-STORR) with a model allowing migration between the Scandinavian and the Scottish lineage and a period of migration after the SP-STU lineage split ( fig. 4 ). We estimated that the Scandinavian and Scottish lineages diverged $6,800 generations ago (with 95% C.I. based on 100 bootstrapped data sets 4,700-17,000) and Demography explains the distribution of within and between population diversity.
We also studied the demographic effect on the distribution of Tajima's D and F st by comparing the observed data to the data simulated from the estimated demographic model ( fig. 4 and table 1). The observed left-skewed distribution of within population Tajima's D and wide distribution of F st were replicated in the simulated data (table 2) indicating that the difference in demographic histories explains the patterns in diversity distributions. The simulated distributions were slightly narrower in comparison with the observed data which may be due to simplifications in our model or selection effects. In addition, the median Tajima's D was slightly lower in the simulated than in the observed data and the simulated F st between the Scandinavian populations and STORR was smaller in comparison with the observed data (table 2).
Selection Scan
To detect loci showing evidence for directional selection after population divergence, we calculated the population branch The annotations of genes overlapping the top candidate locally selected regions (PBS) are listed in supplementary table S9, Supplementary Material online. Based on the environmental shift associated with colonization, we expected to detect genes related to traits such as cold tolerance and flowering time. The most promising candidate gene for environmentally driven adaptation was ZAT10 (chromosome 1) in the Swedish lineage which is involved in several abiotic stress responses such as cold, UV-B and osmotic stress (Mittler et al. 2006) . Further, the locus U2AF 35 A (chromosome 1) affecting photoperiodic flowering in A. thaliana (Wang and Brendel 2006) was also located in the region showing evidence for selection in the Swedish lineage.
Discussion
We studied the genome-wide variation in several Arabidopsis lyrata populations in order to investigate the demographic and colonization history of the species. We further highlighted loci showing evidence for selection associated with the Scandinavian colonization. We found the highest variation in Central Europe and the lowest in North America and skew in site frequency spectra towards intermediate frequency variants in all populations with the strongest effect in the colonizing populations (especially Scandinavia). These results were in good agreement with the previous estimates based on smaller sets of loci (Wright et al. 2003; Foxe et al. 2008; Ross-Ibarra et al. 2008; Pyh€ aj€ arvi et al. 2012; Vigueira et al. 2013) . Generally, high variability in the amount of variation and population differentiation was observed throughout the genome.
Demographic and Colonization History
A strong decrease in the effective population size was observed during the last 100,000 years in the species as a whole. The single population demographic histories (Stairway plot) reach far beyond the estimated split time estimates of the populations (table 1 and supplementary table S8 , Supplementary Material online; Pyh€ aj€ arvi et al. 2012) and hence, the ancient demographic histories represent shared population history. Indeed, in the estimated single population demographic histories, the observed results were very similar especially in the European populations. However, the ancient population size was slightly lower in the US population. This discrepancy may be due to differences in migration or other demographic processes between the sub-species, which are not included in our model. The more recent history (last 100,000 years), on the other hand, is likely independent between the Northwestern European source population (including current Scandinavian populations), the Central European and the North American populations. Hence, the observed population size decreases likely reflects three independent events.
For the more recent demographic history, we estimated that the decline continued after the last glaciation in the European populations while the US population was more stable during this period. Within the past few thousand years the Swedish population was estimated to be more stable in size while the Norwegian population continued declining. If the population size decline was due to colonization, these results suggest that the Eastern part of Scandinavia was colonized first after which the species spread to current localities in Norway.
We also estimated the timescale and routes of postglacial colonization of A. lyrata using coalescent based population split modeling in combination with population structure analysis. In many species the colonization of Northern Europe after the last glacial maximum has been from Central, Southern and Eastern European refugia (Hewitt 1999) . On the other hand, evidence suggesting glacial refugia in Scandinavia has been found for example for boreal tree species (Parducci et al. 2012) , even if this is still controversial and based on limited data (Tzedakis et al. 2013 ). The population structure analysis revealed that European A. lyrata forms two very clearly distinct Central European (Germany) and Western/Northern European (Scottish-Scandinavia) groups with some Central European ancestry in the Scottish population. Topology tests and phylogeographic model comparison suggest that the Scandinavian populations (SP and STU) were the most closely related among Genome-Wide Analysis of Colonization History . doi:10.1093/molbev/msx193 MBE the populations studied and derived from the West European refugium (represented by the Scottish population) after the last glacial maximum (split time estimate of 14,000 YA). The split time estimates of the Scandinavian populations ($11,000 YA) suggest recent separation and we hence conclude that these populations were derived from a common source population recently after the last glacial maximum. The higher variation in the Scottish individuals (this study; Ansell et al. 2010) suggests colonization from west to north rather than north to west assuming that colonization was accompanied with founder effect. However, to fully rule out alternative colonization scenarios one would need more extensive sampling in this part of the species distribution range. Interestingly, the suggested Western European glacial refugium is not included in the previously emphasized main glacial refugia (Hewitt 2000) . On the other hand, some recent AFLP based studies on different plant species have suggested that in many cases British and Scandinavian populations can be closely related (Eidesen et al. 2013; Alsos et al. 2015) . This general pattern may also be explained by colonization from a southern refugium (Hewitt 2000) with the western and northern European populations of these species having a recent shared history. However, the current distribution and occupation of cold regions of A. lyrata (Hoffmann 2005) suggests that the species might have existed in relatively northern regions during the last glacial maximum.
As mentioned earlier, the data suggest a single colonization of Northern Europe, but multiple colonization events cannot be fully ruled out since only two northern populations were sampled. Previous studies have supported a single postglacial Northwestern European colonization (Muller et al. 2008) but the relationship of British Isles and Northwestern European populations has been rarely investigated (but see Ansell et al. 2010) . Especially the split of the Icelandic A. lyrata lineage is likely older than the Norwegian-Swedish split (Muller et al. 2008; Pyh€ aj€ arvi et al. 2012) . Although the comparison of the previous and current F st values is not straightforward, a clear separation of the Icelandic populations from the other Northern European populations point at independent colonization. However, the general properties of F st and its high variation in A. lyrata make this a rather imprecise method for estimating the population split history. Based on the high divergence between Scandinavian and Icelandic lineages, Falahati-Anbaran et al. (2014) even suggested that Icelandic A. lyrata populations may have been derived from a Northern European refugium after the last glaciation.
The data sets some limitations on the inference that can be drawn from the data. First, the phylogeographical models assume simple lineage separation followed by isolation. We also investigated models allowing period of migration after the lineage split but our current data set did not allow model comparison (see "Materials and Methods" for details), which is likely due to low sample size and large parameter space to explore. The different models however, gave qualitatively similar results assuming very high migration rates irrelevant (Nm $ 1, indicating panmixia). Second, with the current sampling, we were able to characterize the general framework of the species structure, admixture and split history of the selected local populations representing populations at a regional scale. However, for example the individuals from STORR represent the whole group of populations from the British Isles. Based on our data set, we cannot fully rule out distinct processes in the other populations in these regions, but in allozyme and microsatellite studies with more extensive population sampling, clustering based on genetic similarity measures has suggested shared history of the regional populations (Gaudeul et al. 2007; Muller et al. 2008; Ansell et al. 2010) . Finally, although the population clustering was found to be very clear among the populations studied with limited admixture, gene flow from other nonsampled populations is still possible. For example, evidence for between species migration has been found in A. lyrata complex (Ramos-Onsins et al. 2004; Novikova et al. 2016) . Investigation of higher number of populations in Northern Europe and the British Isles would allow more detailed estimation of how the current distribution range of the species in Western and Northwestern Europe was formed.
Demographic History Explains the Observed Patterns of Diversity
The data simulated from the estimated demographic model were in good agreement with the observed data with wide overall variation in population differentiation and skew in SFS distribution, indicating that our model explains the patterns of average variation well. The slight differences, for example the lower F st between the Scandinavian (SP/STU) and the British Isles (STORR) populations in the simulated data, may be caused by for example underestimation of the split time between the Scandinavian and Western European lineage due to model simplifications.
The analysis pinpoints the need for careful consideration of underlying demographic history to fully understand the neutral processes of a given model system which is especially critical in determining significance thresholds for selection scans. For example Hoban et al. (2016) compared simulations from an island model to those from a model of expansion from a refugium. They found large differences both in the distribution of F st and in genotype-environment correlation, even though the averages were the same for both models. If such an incorrect model is used to define the significance threshold for a given parameter estimate, this may lead to excessive false positive or false negative rate (Hoban et al. 2016) . Due to the complexity of the demographic processes in A. lyrata with especially strong effects on parameter distributions, we decided to use empirical thresholds in the selection analysis.
Evidence for Selection Associated with Scandinavian Colonization
The pervasive evidence for local adaptation in A. lyrata populations suggests that recent positive selection has also shaped the genome variation. We exploited the windowbased lineage specific approach (population branch statistics, PBS) to detect loci affected by directional selection in the two Scandinavian lineages represented in the data revealing candidate loci showing evidence for selection after population Mattila et al. . doi:10.1093/molbev/msx193 MBE divergence. The strongest evidence was found in the Swedish lineage in chromosome 1 with several nearby windows showing selective signal. In the Norwegian lineage, the strongest candidate regions were more scattered across the genome ( fig. 5 ). Due to recent environmental shifts in Scandinavian A. lyrata populations associated with colonization (Mattila et al. 2016) , we were especially interested in selected regions containing genes functioning in environmental responses. Two promising candidates were found in the Swedish lineage; the strongest candidates were ZAT10 which has been shown to be up-regulated in cold and osmotic stress in A. thaliana (Mittler et al. 2006) and U2AF
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A which is involved in flowering time regulation in A. thaliana (Wang and Brendel 2006) . In A. lyrata, differences in flowering time and cold tolerance within Scandinavian and European populations have been found previously (Riihim€ aki and Savolainen 2004; Sletvold and Ågren 2012) . Assuming that these differences are driven by natural selection, the genes highlighted here are good candidates for future studies on loci underlying this adaptation.
Our analysis did not detect evidence for selection at 19 flowering time pathway genes, as we found earlier using methods based on diversity, site frequency spectrum and population differentiation (Mattila et al. 2016 ). Here we detected the selective signal on single locus basis (5-kb windows) while in the previous study the selective signal was detected by analyzing the set of flowering time genes as a group. Since flowering time control likely has a polygenic basis, the selective signal in individual loci can remain relatively weak and hence may not be detected in single locus based analysis.
Conclusion
Genome-wide data allowed us to characterize the demographic and selective processes involved in colonization history of Arabidopsis lyrata. Importantly, despite the small sample size, we demonstrated the importance of the colonization from a refugium distinct from Central Europe. Resolving the complex demographic history sets the stage for examining concomitant adaptation, a complex process that all the species in Northern Europe have undergone. In addition, we highlight loci showing evidence for selection associated with Scandinavian colonization which may be good candidates underlying adaptation in further studies.
Materials and Methods

Plant Material
Seeds from five A. lyrata populations Spiterstulen Norway (SP), Stubbsand Sweden (STU), Storr, UK (STORR), Plech Germany (PL) and Mayodan USA (MA) were collected within population. The collection was designed so that collected individuals were at least 1 m apart to avoid population and family structure (Lundemo et al. 2010) . Field collected seeds or lab-generated seeds were grown in the growth chamber following the growing instructions provided in the supplementary. Two individuals from MA and one from SP were adopted from previous studies. DNA was extracted from fresh leaves (or from frozen leaves for the old individuals) with NucleoSpin Plant II (Macherey-Nagel) extraction kit (see supplementary material online for details).
Sequencing, Data Processing and Alignment
The library preparation (see supplementary material online) and sequencing (Illumina HiSeq2000 100-bp paired-end) was done at Institute for Molecular Medicine Finland (FIMM) (see supplementary table S2, Supplementary Material online, for sequencing statistics). The produced sequence reads were quality trimmed and adapters were removed using Trimmomatic 0.32 (Bolger et al. 2014) in paired-end mode using the TrueSeq2 paired-end adapters with options -ILLUMINACLIP/TruSeq2-PE.fa:5:20:10 -LEADING 10 -TRAILING 10 -SLIDINGWINDOW 10:20 -MINLEN 50. Only read pairs that both passed the filtering were further processed. The read data were checked for quality using the FastQC and Fastx toolkit before and after trimming.
The reads were mapped against A. lyrata reference genome (Hu et al. 2011 ) Ensembl plant (Kersey et al. 2014 ) version 1.0.29 using bwa-mem Li H, unpublished data) with options -M -r 1. Picard tools v. 1.113 (http://broadinstitute.github.io/picard/; last accessed July 12, 2017) was used for duplicate marking, adding read group and calculating alignment statistics. Overlapping forward and reverse reads were clipped using BamUtil version 1.0.13 with option -unmapped (http://genomes.sph. umich.edu/wiki/BamUtil; last accessed July 12, 2017) and indels were marked and realigned with Genome Analysis Toolkit version 3.2.2 . The data processing and alignment were done using the Pipeline tool STAPLER available at https://github.com/tyrmi/STAPLER (last accessed July 12, 2017).
Two samples (SpNor33-16 and C101_P2 (STU)) had very different coverage distribution in comparison with the other samples (see supplementary fig. S8 , Supplementary Material online) indicating poor sequencing library quality. This caused difficulties in coverage based quality filtering and hence these two samples were excluded to obtain a high-quality data set for population genetics analyses.
Data Masking
All analyses were restricted to chromosomal nonrepetitive regions to avoid potential mapping errors. In addition, regions between repeat regions were removed if they were <200 bp long (less than read pair length). We further detected sites within individuals where read depth exceeds 3 times median absolute deviation (MAD) calculated over the total individual alignment (excessive depth within sample). The regions were masked if excessive depth was detected in any individual in more than ten consecutive sites. Only read pairs properly mapping with mapping quality > 30 (extracted with SAMtools; ) were used to estimate the median and MAD for each sample. This coverage filter is implemented in the Python script MAD_MAX.py available at https://github.com/tyrmi/PGU (last accessed July 12, 2017).
Heterozygote excess in the strict intermediate frequency site frequency class was detected in all populations likely Genome-Wide Analysis of Colonization History . doi:10.1093/molbev/msx193 MBE reflecting excessive paralogous mapping, which was still evident after the masking described earlier. To exclude such sites, we called SNP genotypes using freebayes version v1.0.2 (Garrison E and Marth G, unpublished data) within populations. Sites with all heterozygote within population (SP, STU, PL and MA) were detected using VCFtools (Danecek et al. 2011 ) -hardy option. These sites (6100 bp adjacent regions) were further masked from the downstream analyses.
Population Genetics Analyses
Patterns of variation and population differentiation (Watterson h, Tajima's D and F st ) were studied along the chromosomes. Site based annotation (4-fold degenerate, 0-fold degenerate sites) was generated with the annotation script NewAnnotateRef.py obtained from https://github. com/fabbyrob/science/tree/master/pileup_analyzers (last accessed July 12, 2017). (Williamson et al. 2014) . Before running the script, lines containing exon annotations were excluded from the gff3 annotation file to assign exon-intron boundaries correctly. For intergenic annotations, the Ensembl version 1.0.34 was used with the new ab initio gene annotations. The intergenic regions were extracted with BEDTools v2.26.0 (Quinlan and Hall 2010) subtract tool. The statistic h Wat , p and Tajima's D were calculated within population and F st between each population pair in nonoverlapping widows using the genotype call free method implemented in ANGSD version 0.913 (Nielsen et al. 2012; Fumagalli et al. 2013; Korneliussen et al. 2014 ). This method was chosen for the analysis to avoid bias in site frequency spectrum estimation with low or medium coverage data (Han et al. 2014) . Following the ANGSD manual, we first estimated the genome-wide site frequency spectrum (SFS) for each population and used this SFS as prior for the population genetics parameter estimation. We used the method described in McKenna et al. (2010) (GATK) for genotype likelihood calculation. We also similarly estimated SFS for each individual separately to calculate the proportion of heterozygous sites per individual.
Principal Component analysis was performed to study the population genetic relationships as implemented in ANGSD. We also performed ABBA-BABA tests (Durand et al. 2011) using the -doAbbababa2 function in ANGSD with the extension of including multiple individuals per population in 10-kb blocks. For both analyses, we used 4-fold degenerate sites and a 5% minor allele frequency cutoff. The North American population (MA) was used as an outgroup in the ABBA-BABA test.
For all the analyses performed with ANGSD, we used the following filtering settings: -remove_bads -unique_only -minMapQ 30 -minQ 20 -only_proper_pairs 1 -trim 0 and required <20% of missing data (except for the ABBA-BABA test no missing data was allowed).
We further estimated population structure and individual admixture proportion with ADMIXTURE (Alexander et al. 2009 ) and NGSadmix (Skotte et al. 2013 ) using 4-fold degenerate sites. We ran the analysis with the number of clusters (K) ranging from 1 to 6 with minor allele frequency cut-off of 0.05. To ensure marker independence, we use sites at least 10 kb apart. We ran each model (number of clusters) 100 times with different starting seed and the replicate with the highest likelihood was retained for each number of clusters. Replicating this procedure 5 times produced qualitatively similar results. For the highest likelihood models, we estimated standard error for the point estimates using 2,000 bootstrapped data sets with ADMIXTURE. For NGSadmix the genotype likelihoods were calculated with ANGSD with the following settings -GL 2 -doGlf 2 -doMajorMinor 1 -doMaf 1 -SNP_pval 2e-6. Default settings were used for convergence stop criteria in NGSadmix. For ADMIXTURE, we used genotypes called with freebayes using population prior and the following settings and filtering criteria: -m 30 -q 20 -X -i -u -¼. Individual minimum site depth was set to 6 and minimum SNP quality to 20. A cross-validation procedure was used for evaluating the runs with different K values in ADMIXTURE.
Single Population Demographic Inference
The single population demographic histories were studied using Stairway plot method (Liu and Fu 2015) version 2.0 beta with folded SFS from each population (estimated with ANGSD as described earlier). We used default 2/3 of the data for training and (number of sequences (nseq)À2)/4, (nseqÀ2)/2, 3*(nseqÀ2)/4 and nseqÀ2 as the number of random breakpoints. Following the Stairway plot pipeline, the best number of random breakpoints was chosen based on the training data. To calibrate the results, generation time of 2 years (Savolainen and Kuittinen 2011) and mutation rate m ¼ 7*10 À9 (Ossowski et al. 2010) were used.
Population Split Time Estimation
In order to study the population split history, we used SFS based composite likelihood demographic modeling method described in Excoffier et al. (2013) and implemented in fastsimcoal2. The observed three-dimensional SFS and bootstrap SFS were calculated with ANGSD. We used 100,000 simulations and 40 conditional maximization cycles to maximize the likelihood of the model. We performed 40 independent optimizations to retain the global maximum likelihood model. We first compared models including alternative topologies without migration assuming that genetic drift mainly has driven the population divergence (due to current strong geographic isolation). We chose the topology with highest support for comparing 16 models including different combinations of migration between demes. Due to geographical isolation of the current populations, we assumed no present migration between populations but allowed migration between the ancestral lineages and a period of migration after the first lineage split (see fig. 4 and supplementary fig. S5 , Supplementary Material online). The models were compared using Akaike weight calculated following Excoffier et al. (2013) . However, the data did not allow model selection since independent estimation rounds did not result consistent model selection even increasing the number of independent optimizations to 200. Hence, we decided to use the model allowing migration between all demes for parameter estimation and used 100 bootstrapped SFS to get 95% confidence Mattila et al. . doi:10.1093/molbev/msx193 MBE intervals for each estimate. We used PopPlanner (Ewing et al. 2015) to visualize the demographic models. Due to only two sequenced individuals from the British Isles population, we used unfolded spectra for this analysis using A. thaliana genomic sequence to polarize the alleles. To avoid problems arising from ancestral misspecification, we corrected the observed spectra following the methods described in Baudry and Depaulis (2003) and Hernandez et al. (2007) .
In the observed site frequency spectrum N, the misspecification causes a site to be placed into its mirror frequency class. Hence in a sample of n haplotypes the true count in ith frequency class can be written as a pair of equations as a function of the true frequency R
Here P M is the probability of undetected double mutation, which can be estimated with the following formula from Baudry and Depaulis (2003)
where a and b are transition and transversion probabilities, respectively and P D is the probability of polymorphic sites with the outgroup showing a third state. We used a simple estimator of the ratio of transition and transversion rate j j ¼ 2ÃT V
where T is the observed number of transitions and V the observed number of transversions. Since j ¼ a b we obtain
We estimated P M empirically from the data using divergence obtained from A. thaliana-A. lyrata whole genome alignment (Ensembl plant) and individually called genotypes (freebayes) including monomorphic sites with similar data filtering criteria as described earlier. The estimated P M was 0.043 and the effect of the correction on single population SFS is shown in supplementary figure S9, Supplementary Material online.
Comparison of the Observed and Simulated Data
To test the performance of the split estimation procedure, we simulated 2,000 data set of 100 kb from the maximum likelihood model with fastsimcoal (Excoffier and Foll 2011) and compared the distribution of Tajima's D and F st with the observed data for 4-fold degenerate sites. Recombination rate equals mutation rate was used in the simulations.
The summary statistics were calculated with arlsumstat v 3.5.2.2 (Excoffier and Lischer 2010).
Selection Scan
Population branching statistics (PBS) (Yi et al. 2010 ) and the corresponding theta values were calculated for SP-STU-PL trio as implemented in ANGSD using unfolded spectra as priors. Only windows with at least 1,000 callable sites were further analyzed. We used 0.1 empirical thresholds for the PBS to highlight loci showing evidence for selection. We observed a correlation between the lineage specific PBS values between SP and STU (supplementary fig. S5 , Supplementary Material online), which may be due to divergence in the outgroup branch. Hence, the loci with PBS values over 0.5% threshold in both Scandinavian lineages were excluded to control for false positives due to shared history.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
